Rationale: Peripheral clock control and the relevance of the circadian rhythm to physiology and disease are major questions in mammalian circadian biology. Objective: We examined the physiological functions of the liver clock. Methods and Results: We established a suppressed feeding schedule regimen constituting a high-cholesterol diet delivered every 6 hours without changes in energy and cholesterol intake. We found that rats exposed to this regimen developed hypercholesteremia. In the liver, the rhythmicity of expression of several clock genes was disrupted. Furthermore, the nocturnal expression of the CYP7A1 gene, which encodes the rate-limiting enzyme for the conversion of cholesterol to bile acids, was shifted to a diurnal pattern. Key Words: cholesterol homeostasis Ⅲ circadian rhythm Ⅲ lifestyle-related diseases Ⅲ metabolic syndrome H ow peripheral clocks impact the incidence of cardiovascular disease and metabolic syndrome remains a fertile area of investigation. 1 Recent studies using genetically modified animals demonstrate that clock genes have a significant role in metabolic regulation. [2] [3] [4] [5] However, the problem is that phenotypes of mice carrying clock gene mutations are not necessarily related to the functions of the respective genes in rhythm generation. Therefore, it is necessary to establish the characteristics of genetically normal animals.
H ow peripheral clocks impact the incidence of cardiovascular disease and metabolic syndrome remains a fertile area of investigation. 1 Recent studies using genetically modified animals demonstrate that clock genes have a significant role in metabolic regulation. [2] [3] [4] [5] However, the problem is that phenotypes of mice carrying clock gene mutations are not necessarily related to the functions of the respective genes in rhythm generation. Therefore, it is necessary to establish the characteristics of genetically normal animals.
We evaluated the physiological significance of the circadian rhythm by suppressed feeding rhythm without changing the energy intakes. Our experiments demonstrated that regular feeding plays a significant role in cholesterol homeostasis through the liver circadian rhythm.
Methods
Male rats of the Wistar strain (Japan SLC, Japan), 5 weeks of age and weighing Ϸ90 g, were kept on a 12 hour light/12 hour dark cycle (light from 0800 to 2000). Control (C) rats were fed ad libitum, and their food intake was measured over a day. The suppressed (S) group rats were given the same amount of food divided into 4 meals (Zeitgeber time [ZT]0, ZT6, ZT12, and ZT18).
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Results
If feeding is a dominant Zeitgeber for the liver clock, 6 disruption of the regular feeding rhythm should disturb it and have adverse effects on health. We established a feeding regimen involving a high-cholesterol diet (Online Table I ) delivered every 6 hour. Cholesterol diet strongly suppresses cholesterol biosynthesis and its circadian oscillation. 7 We then focused on cholesterol degradation.
This feeding schedule disrupted the regular feeding rhythm without changing the energy intakes ( Figure 1A ). The body weights of the rats in group C changed rhythmically in a day ( Figure 1B) . The body weights of the rats in group S increased continuously ( Figure 1B) . Surprisingly, after 7 days on the experimental diets, the plasma total cholesterol levels were higher in group S than in group C, and this difference persisted ( Figure 1C) . On day 19, we evaluated metabolic parameters over a 24-hour period. The serum levels of total cholesterol were significantly higher in group S throughout the day ( Figure 1D ). The ratio of high-density lipoprotein (HDL) cholesterol to total cholesterol was lower ( Figure 1D ), despite the fact that the absolute level of HDL cholesterol was higher (Online Figure I, A) . The levels of serum triglyceride and phospholipids showed circadian rhythmicity in group C; however, they slightly increased and circadian amplitude was attenuated in group S (Online Figure I , B and C). The serum levels of glucose did not differ between the groups (Online Figure I, D) . Agarose gel electrophoresis of serum lipoproteins revealed that very-low-density lipoprotein (VLDL) cholesterol was enriched in group S (Online Figure II) .
We used DNA microarray analysis to compare the geneexpression profiles in the livers of groups C and S at ZT14 on day 10. We found that the expression of a key gene in cholesterol degradation, CYP7A1, which encodes the ratelimiting enzyme for the conversion of cholesterol to bile acids, 8 approximately 50% decreased in group S livers compared to that in group C (data not shown). We recognized the importance of circadian rhythms in the interpretation of experimental results. Indeed, the CYP7A1 gene displays circadian variation. 8 We therefore used the quantitative realtime polymerase chain reaction to profile the circadian expression patterns of CYP7A1 and clock-related genes at different times of day. The nocturnal circadian expression of CYP7A1 shifted to a diurnal peak (Figure 2A ). In the livers of group S, the peak D-site binding protein (DBP) mRNA levels decreased and their phase was slightly advanced ( Figure 2B ). Differentiated embryo chondrocyte (DEC)1 mRNA peaked twice ( Figure 2C ) and DEC2 mRNA rhythmicity dramatically declined ( Figure 2D ). Period (PER)1 and PER2 mRNA levels decreased slightly throughout the day ( Figure 3A and 3B). Transcriptional factors (such as liver X receptor ␣, farnesoid X-activated receptor, and small heterodimer partner), which are involved in CYP7A1 gene expression, 9 did not change (Online Figure III) . Circadian oscillation of CYP7A1 gene expression is mainly regulated by D-site binding protein and DEC2. 8, 10 Therefore, our results suggested that abnormal rhythmicity of clock-output genes would contribute to the abnormal circadian CYP7A1 expression.
The excretion of fecal bile acids decreased in group S (223.93Ϯ11.33 mol/2 days) compared to that in group C (260.39Ϯ12.49 mol/2 days) (PϽ0.05). The secretion rates of VLDL cholesterol and VLDL triglyceride from the liver were higher in group S (Online Figure IV) . In this experiment, the expression of key genes in cholesterol synthesis (such as sterol regulatory element binding protein 2, 3-hydroxy-3-methylglutaryl-coenzyme A reductase, and lowdensity lipoprotein receptor) 11 did not change between the groups (Online Figure III) . This suggests that the hypercholesterolemic effects observed in rats with suppressed feeding rhythms were attributable to the disordered timing of circadian CYP7A1 expression as well as decreased cholesterol degradation and increased cholesterol secretion into blood. With ad libitum feeding, nocturnal eating coincides with the peak of CYP7A1 mRNA, whereas this is not the case with irregular feeding. It has already been known that cholesterol feeding itself does not change in the liver clock. 12 Therefore, our results indicated that the feeding schedule itself changed cholesterol metabolism through changes in the liver clock.
We also found that sterol regulatory element binding protein 1 (SREBP1) and fatty acid synthase (FAS) mRNA levels were increased in group S livers ( Figure 3C and 3D). PGC1␣ (peroxisome proliferator-activated receptor ␥ coactivator 1␣) and its target gene involving the ␤ fatty oxidation (such as carnitine palmitoyltransferase 1␣ [CPT1␣]) seems to be slightly advanced in group S livers (Online Figure III) . These changes might contribute to the development of hyperlipidemia in group S.
Discussion
Clock mutant mice with a C57BL/6J background had a greatly attenuated diurnal feeding rhythm, developed metabolic syndrome and had a significantly increased energy intake. 2 Clock mutant mice with an ICR background became less obese on a high-fat diet, because of impaired dietary fat absorption. 3 It therefore remains uncertain whether the metabolic abnormality was the consequence of the attenuated diurnal feeding rhythm. Recently, Weitz and colleagues established mice with a liver-specific deletion of Bmal1 and demonstrated that Bmal1 function in the liver is required for circadian regulation of systemic glucose homeostasis. 5 However, physiological disorders by abnormal rhythm could be considered to occur because of 2 different causes. The first direct and primary cause is that the clock gene itself induces the pathological effect. The other indirect and systematic cause is that abnormal rhythm itself induces physiological abnormality in genetically normal animals. Therefore, it is 
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important to establish the physiological significance of the circadian rhythm in genetically normal animals. Schibler and colleagues reported a 4-to 6-hour phase advance in circadian gene expression in the livers of mice under an ultradian feeding rhythm with total food consumption reduced to 74%. 13 However, such experiments are not conclusive in terms of whether the attenuated diurnal feeding rhythm contributes to the metabolic abnormality.
Here, we established a suppressed feeding schedule regimen constituting a high-cholesterol diet delivered every 6 hours without changes in energy intake. We tried to find the effect of nonphysiological feeding pattern on lipid profile and to make some insights into the mechanism by measuring circadian rhythm of various substances especially in the liver. Consequently, this hypercholesterolemia would be attributable to the disordered timing of circadian CYP7A1 expression, as well as decreased the excretion of fecal bile acids. Our chrononutritional approach, in a rat model, showed that an irregular eating style disturbed the liver clock and increased the risk of arteriosclerosis. Moreover, our results indicated that not only the amount and quality of food but also the timing of meals has crucial health implications.
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